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ABSTRACT 
Current scholarship points to a protective association between green space and birth 
outcomes as well a positive relationship between blue space and general wellbeing. There is 
evidence that these effects are particularly strong for individuals of lower socioeconomic status. 
I add to this body of literature by exploring the relationship between expectant mothers’ 
exposure to green and blue spaces and adverse birth outcomes in New York City. Three 
separate birth outcomes are examined: term low birthweight, preterm birth, and small for 
gestational age. Data on these outcomes originate from vital statistics birth records for the year 
2000. The Normalized Difference Vegetation Index (NDVI), the 2005-2006 NYC Street Tree 
Census, and access to major green spaces act as measures of residential greenness, while 
proximity to publicly accessible waterfront areas represents access to blue space. The 
relationships between these factors and risk of adverse birth outcomes are analyzed through 
mixed-effects logistic regression models. Individual and neighborhood-level confounding 
variables are taken into account, and analyses are conducted separately for women in deprived 
neighborhoods to test for differential effects on mothers of lower socioeconomic status. 
Results indicate that women in deprived neighborhoods suffer from higher rates adverse birth 
outcomes as well as lower levels of residential greenness. A significant inverse association 
between nearby street trees and risk of preterm birth is identified for all women in the study 
population. However, higher NDVI values are found to be associated with elevated risk of small 
for gestational age among mothers in deprived neighborhoods. The policy implications of these 
findings are discussed along with potential directions for future research. 
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CHAPTER 1 
INTRODUCTION 
For most of our history as a species, human beings have lived in and around “natural” 
environments. However, with more than half of the world’s population now living in urban 
areas (United Nations, 2014), the spaces we inhabit are becoming increasingly built-up and 
artificial. A great deal of modern scholarship focuses on how decreased contact with natural 
environments brought on by urbanization impacts human health. Specifically, researchers are 
interested in the health implications of the presence or absence of “green” spaces, and, to a 
lesser extent, “blue” spaces in cities. 
The United States Environmental Protection Agency defines “green space” as “land that 
is partly or completely covered with grass, trees, shrubs, or other vegetation” including “parks, 
community gardens, and cemeteries.” There is substantial evidence suggesting that exposure to 
natural or “green” spaces has a positive relationship with the health of urban residents. 
Residential greenness and proximity to green spaces have been linked to lower rates of poor 
physical health outcomes like diabetes (Astell-Burt, Feng & Kolt, 2014), respiratory illness 
(Villeneuve et al., 2012), and obesity (Lovasi et al., 2013). Researchers have also demonstrated 
a positive relationship between green space and mental health (Beyer et al., 2014) as well as 
health-promoting behaviors like exercise (Coutts et al., 2013). While relatively few studies 
address the association between “blue” spaces like ponds, lakes, rivers, or seas and health 
outcomes, the results of recent investigations on this topic indicate a potential protective 
association between blue spaces and measures of health and wellbeing (Wheeler et al., 2012; 
White et al., 2013).  
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It is crucial to understand how the health impacts of urban green and blue spaces vary 
across different groups of people. For instance, some studies have found that the relationship 
between green space and certain health outcomes differs based on the age and/or gender of 
the subjects (Astell-Burt, Mitchell & Hartig, 2014; Richardson & Mitchell, 2010). Researchers 
have also observed stronger correlations between green and blue spaces and positive health 
outcomes for individuals of lower socioeconomic status (Maas et al., 2006; Wheeler et al., 
2012), even though these spaces are often less accessible to residents of economically-deprived 
areas (Dai, 2011). The potential for green and blues spaces to moderate health inequalities for 
deprived populations means that the presence of such spaces in cities should be considered an 
issue of social and environmental justice. 
Adverse birth outcomes like preterm birth, term low birthweight, and small for 
gestational age constitute a major public health issue. Births occurring prior to 37 weeks of 
gestation are categorized as preterm, while term low birthweight typically refers to infants 
weighing less than 2,500 grams after at least 37 weeks of gestation. Small for gestational age, 
or SGA, refers to neonates that fall into the bottom decile of birthweight relative to their sex 
and gestational age. These outcomes have been linked to increased risk of mortality within the 
first year of an infant’s life, subnormal growth, long-term neurological disabilities, and various 
illnesses (CDC, 2015; Hack, Klein & Taylor, 1995). They have also been shown to impact less 
educated, low-income women as well as women belonging to marginalized racial groups 
disproportionately (Parker, Schoendorf & Kiely, 1994; Rawlings, Rawlings & Read, 1995). 
Current scholarship indicates that there could be a protective relationship between residential 
green space and birth outcomes.  There is evidence that this relationship is particularly strong 
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for women of lower socioeconomic status, who are at a greater risk of experiencing adverse 
birth outcomes than the general population (Agay-Shay et al., 2014; Dadvand et al., 2012a; 
Dadvand et al., 2012b; Dadvand et al., 2014; Markevych et al., 2014). However, these studies 
neglect to consider the impact of blue space and often use limited measures of green space. 
Further investigation is needed to understand how green and blue spaces affect birth 
outcomes, especially for vulnerable populations. 
This study explores the association between residential greenness, waterfront access, 
and birth outcomes in New York City. My analyses address two key questions. First, what is the 
nature of the relationship between proximity to urban green and blue spaces and various birth 
outcomes? Second, if such a relationship exists, how is it impacted by an individual’s 
socioeconomic status? Based on the results of previous research, I expect to find a negative 
relationship between nearby green spaces and the risk of adverse birth outcomes, as the 
majority of recent studies on this subject have found a significant association between 
greenness and one or more birth outcomes. For blue space, I also expect to find an inverse 
association between waterfront access and odds of adverse birth outcomes. Finally, I anticipate 
observing a stronger relationship between residential greenness and birth outcomes for 
women living in lower socioeconomic status areas. This result would be consistent with the 
findings of previous studies wherein analyses were stratified by one or more socioeconomic 
indicators. 
To test these hypotheses, I employ multilevel mixed-effects logistic regression models. 
Vital statistics birth records for New York City from the year 2000 serve as the source of data for 
birth outcomes and individual-level covariates. Census tract-level environmental and 
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socioeconomic covariates are taken into account as well. I use the Normalized Difference 
Vegetation Index (NDVI), street tree data, and the presence of nearby major green spaces as 
measures of greenness, while waterfront access serves as the “blue space” variable. Analyses 
are further segmented based on neighborhood deprivation to test for differential effects 
among mothers living in lower socioeconomic status areas. Ideally, the results of this study will 
further public understanding of the potential health benefits of urban green and blue spaces 
and aid policymakers in their efforts to design neighborhoods that promote residents’ 
wellbeing. 
The next four chapters are dedicated to a literature review, an overview of the data and 
methods used, a summary of the results of my analyses, and a discussion of those results. The 
literature review establishes a theoretical background for this study and details the 
methodologies and results of previous research in the field. In the data and methods section, I 
describe the study population, the study area, individual and environmental-level variables, and 
the spatial and statistical analysis methods used to conduct the investigation. The results 
section communicates the outcome of my analyses, while the final chapter considers the 
implications of those analyses, the limitations of the study, and potential avenues of future 
research. 
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CHAPTER 2 
LITERATURE REVIEW 
This chapter outlines a portion of the scientific literature relevant to the association 
between green and blue spaces and birth outcomes. First, I briefly discuss the field of health 
geography as well as early scholarship on the mechanisms connecting natural landscapes to 
human health. Next, I describe a proposed conceptual framework by which green space 
influences birth outcomes. Empirical research that supports the validity of this framework is 
also summarized. The bulk of this review is devoted to exploring the methodologies and 
conclusions of recent studies on the link between green space and birth outcomes. Finally, I 
examine evidence supporting the inclusion of a blue space metric in my own research. The 
chapter concludes with a short reflection on this study’s unique contributions to the existing 
body of literature. 
2.1 Health & Medical Geography 
The impact of the physical environment on human health has long been a subject of 
interest for geographers. Over the past few decades, this subject has split into two sub-
disciplines within the broader field: medical geography and health geography. In their 2002 
article, Kearns and Moon compare the modern definitions of medical and health geography, 
concluding that medical geography is often associated with a biomedical model of health and 
quantitative methods, while health geography is perceived as employing mixed-methods 
approaches and a “socioecological” model of health. The authors state that the break between 
the two sub-disciplines has been “portrayed as indicative of a distancing from concerns with 
disease and the interests of the medical world in favor of an increased interest in well-being 
6 
 
and broader social models of health and health care.” Essential to this broader social model of 
health is the idea that various physical and sociocultural aspects of the spaces where we live, 
work, and play have a meaningful influence on health outcomes. Macintyre, Ellaway, and 
Cummins expound on this idea in their 2002 article. They lay out a framework for examining the 
way that place impacts health, wherein place is defined as “specific contextual aspects of the 
local physical and social environments.” This framework includes five distinct attributes: raw 
physical characteristics (e.g. climate, air and water quality); access to healthy homes, 
workplaces, and recreational spaces; availability of services that support public health, welfare, 
and safety; neighborhood sociocultural traits; and how a place is perceived by residents and 
non-residents alike. To evaluate the health impact of these attributes, the authors advocate for 
the formation of hypotheses that can be assessed empirically. However, because some of these 
attributes can be difficult to quantify, much of the scientific literature on the relationship 
between health and place only takes a portion of this framework into account. I incorporate 
this framework into my own research by considering both the physical and social characteristics 
of neighborhoods in my analyses. 
2.2 Green Space & Birth Outcomes: A Conceptual Framework 
Although a great deal of research has focused on the physical environment’s 
relationship to health, the precise mechanisms underlying this relationship remain somewhat 
obscure. In his chapter of The Biophilia Hypothesis, Ulrich (1993) postulates that humans have 
evolved to prefer and benefit from certain types of natural environments, drawing on evidence 
of cross-cultural preferences for specific landscapes. Kaplan (1995) further expands on the 
health benefits of natural landscapes, proposing a framework by which these landscapes 
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mitigate cognitive fatigue and relieve stress. More recently, Kihal-Talantikite et al. (2013) put 
forward a conceptual model addressing potential mechanisms behind the relationship between 
green space and birth outcomes specifically, with green space defined as the proportion of land 
designated as parks or forests in a given neighborhood. In their investigation of the spatial 
clustering of neonatal mortality in France, the authors of this study noted that the statistical 
significance of mortality clusters disappeared when they controlled for the interaction effect 
between neighborhood green space and socioeconomic deprivation. To explain this result, they 
proposed three “pathways” linking greenness to birth outcomes: a psychological pathway, a 
physiological disruption process, and an environmental pathway. Each pathway is discussed in 
subsequent paragraphs. 
2.2.1 Psychological Pathway 
A growing body of contemporary research suggests that access and exposure to green 
space has a protective impact on different aspects of psychological health including stress, 
anxiety, and depression. In a study of stress levels in deprived urban communities, Roe et al. 
(2013) found a significant negative association between higher levels neighborhood greenness 
and both physiological and self-reported measures of stress; this relationship was particularly 
strong among women. Van den Berg et al. (2010) identified the potential for residential green 
space to act as “buffer” between stressful life events (e.g. the death of a family member, 
divorce, sudden unemployment) and various self-reported measures mental and physical 
health. A number of studies have also uncovered a significant relationship between access to 
green environments and lower levels of anxiety (Beyer et al., 2014) and depression (Cohen-
Cline, Turkheimer & Duncan, 2015; Maas et al., 2009a). Nutsford, Pearson & Kingham et al. 
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(2013) observed lower rates of treatment for mood and anxiety disorders in urban areas where 
residents had greater access and exposure to green space, while McEachan et al. (2015) found 
an inverse relationship between residential green space and rates of depressive symptoms 
among pregnant women specifically. Because stress, anxiety, and depression have all been 
linked to increased risk of adverse pregnancy outcomes like low birthweight and preterm 
delivery (Loomans et al., 2013; Stewart et al., 2015), psychological factors have the potential to 
explain much of the correlation between green space and birth outcomes. Furthermore, 
multiple studies of the association between greenness and psychological wellbeing have 
uncovered stronger positive relationships for individuals of lower socioeconomic status (Maas 
et al., 2009a; McEachan et al., 2015), indicating that the salutogenic qualities of local green 
space could serve to mitigate health inequalities. 
2.2.2 Physiological Disruption Process 
Kihal-Talantikite et al. (2013) postulate that exposure to green space constitutes a 
“physiological disruption process” that promotes increased physical activity and social capital 
among pregnant women, thereby contributing to their mental and physical health. There is 
some evidence that greater access to green space is associated with higher rates of physical 
activity (Coutts et al., 2013). For instance, a 2010 study by Coombes, Jones & Hillsdon found a 
positive relationship between living closer to a park and achieving weekly recommended levels 
of exercise. However, not all research on the subject has identified a meaningful relationship; in 
an earlier study, Hillsdon et al. (2006) found no significant association between access to green 
space and rates of recreational physical activity among adults. As regular recreational physical 
activity during pregnancy has been linked to decreased risk of low birthweight (Leiferman & 
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Evenson, 2003), it is important to consider physical activity as a potential pathway connecting 
green space to birth outcomes. There is also evidence that neighborhood social capital, a 
concept that encompasses “the social networks and interactions that inspire trust and 
reciprocity among citizens” (Leyden, 2003) has a protective influence on birth outcomes (Buka 
et al., 2003). The results of recent studies suggest that higher levels of local greenness could 
serve to increase social interaction and strengthen social ties among neighbors (Maas et al., 
2009b). In a recent study on residential greenness and social capital, Holtan, Dieterlen & 
Sullivan (2015) found a significant positive association between neighborhood tree canopy and 
various self-reported measures of helpfulness, closeness, trust, and organization among 
neighbors. These factors, in conjunction with physical activity, could serve to explain a portion 
of the relationship between green space and birth outcomes. 
2.2.3 Environmental Pathway 
The third and final mechanism of Kihal-Talantikite et al.’s (2013) proposed framework, 
an environmental pathway, consists of three main factors: air pollution, ambient temperature, 
and noise exposure. The urban tree canopy in the United States has been shown to remove 
pollutants like CO, NO2, ozone, particulate matter, and SO2 from the atmosphere, thus 
improving local air quality (Nowak, Crane & Stevens, 2006). Researchers have linked exposure 
to all of these pollutants during pregnancy with elevated risk of preterm birth and/or low 
birthweight (Lin et al., 2004; Salam et al., 2005; Stieb et al., 2012). Multiple studies have also 
identified an association between higher ambient temperatures during pregnancy and lower 
birthweight (Strand, Barnett & Tong, 2011). Because urban parks, particularly larger ones 
featuring many trees, are cooler on average than the surrounding city (Bowler et al., 2010), it is 
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possible that proximity and access to these spaces has a protective effect against adverse birth 
outcomes. Researchers have also observed higher temperatures and higher rates of heat-
related discomfort in sparsely vegetated neighborhoods (Harlan et al., 2006), which suggests 
that residents of less green communities could be at greater risk of experiencing adverse birth 
outcomes. In contrast to ambient temperature and air pollution, relatively few studies have 
examined the correlation between urban green spaces and noise; however, reduced noise 
exposure is often cited as a potential contributing factor to the association between green 
space and pregnancy outcomes (Dzhambov, Dimitrova & Dimitrakova, 2014), possibly because 
there is evidence of a connection between exposure to traffic-related noise during gestation 
and lower term birthweight (Gehring et al., 2014). 
2.3 Current Research on Green Space and Birth Outcomes 
Since 2011, at least twelve peer-reviewed articles exploring the relationship between 
green space and birth outcomes have been published, along with a meta-analysis summarizing 
their results (Dzhambov, Dimitrova & Dimitrakova, 2014). These studies span three continents, 
covering a range of different climates, landscapes, and degrees of urbanicity. Six of the studies 
took place in North America: specifically Portland, Oregon (Donovan et al., 2011); Southern 
California (Laurent et al., 2013); Vancouver, Canada (Hystad et al., 2014); Pennsylvania (Casey 
et al., 2016); Connecticut (Ebisu, Holford & Bell, 2016); and Texas (Cusack et al., 2017). Five 
more were conducted in the Europe: two in Spain (Dadvand et al., 2012a; Dadvand et al., 
2012b), one in the United Kingdom (Dadvand et al., 2014), one in Germany (Markevych et al., 
2014), and one in Lithuania (Grazuleviciene et al., 2015). The remaining study took place in Tel 
Aviv, Israel (Agay-Shay et al., 2014). All of the studies examined a large number of births, with 
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sample or population sizes ranging from just over 2,000 (Dadvand et al., 2012b) to upwards of 3 
million records (Cusack et al., 2017). 
2.3.1 Birth Outcomes 
Most of the researchers considered similar birth outcomes in their analyses. Birthweight 
was always incorporated as a dependent variable, either as a continuous measure, a binary 
variable (i.e. risk of low and/or very low birthweight), or both. Low birthweight was defined as a 
weight of less than 2,500 grams at delivery, while infants weighing less than 1,500 grams were 
categorized as very low birthweight (Agay-Shay et al., 2014). In more than half of the studies, 
analyses of birthweight as a continuous measure were limited to term births (Casey et al., 2016; 
Cusack et al., 2017; Dadvand et al., 2012b; Ebisu, Holford & Bell 2016; Hystad et al., 2014; 
Laurent et al., 2013; Markevych et al., 2014). “Term birth” refers to delivery after at least 37 
weeks of gestation (Casey et al., 2016). The risk of a neonate being small for gestational age 
was also frequently incorporated as an outcome variable (Casey et al., 2016; Cusack et al., 
2017; Donovan et al., 2011; Ebisu, Holford & Bell 2016; Grazuleviciene et al., 2015; Hystad et 
al., 2014). Infants were typically considered small for gestational age if their weight at delivery 
was below the 10th percentile for their sex and gestational age (Donovan et al., 2011). 
Gestational age itself was analyzed as a continuous measure in a subset of studies (Agay-Shay 
et al., 2014; Dadvand et al., 2012a; Dadvand et al., 2012b; Grazuleviciene et al., 2015), but in 
other cases it was considered only as a binary variable: risk of preterm or very preterm delivery 
(Casey et al., 2016; Cusack et al., 2017; Donovan et al., 2011; Hystad et al., 2014; Laurent et al., 
2013). Births occurring before 37 weeks of gestation were considered preterm, while deliveries 
before 30-32 weeks of gestation were defined as very preterm (Agay-Shay et al., 2014; Hystad 
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et al., 2014). A minority of studies included additional pregnancy outcomes such as five-minute 
Apgar score (Casey et al., 2016), infant head circumference (Dadvand et al., 2012b), and risk of 
preeclampsia (Laurent et al., 2013). In all but one instance (Laurent et al., 2013), the 
researchers specified that they excluded non-singleton (e.g. twin, triplet, etc.) births from their 
analyses. 
2.3.2 Measures of Greenness 
Each study took a slightly different approach to quantifying greenness. The Normalized 
Difference Vegetation Index (NDVI) was by far the most popular measure, with ten out of the 
twelve studies using it as their primary metric. Because the pigment in plant leaves absorbs 
visible light (VIS) but reflects near-infrared light (NIR), the density of vegetation in a given area 
can be approximated using a mathematical formula where (NIR-VIS) ÷ (NIR+VIS) = NDVI. NDVI 
values range from -1 to 1, with negative values and values around zero representing little to no 
vegetation while values closer to 1 correspond to high-density plant life (NASA Earth 
Observatory, n.d.). NDVI can be derived from satellite imagery at a variety of scales. A majority 
of the NDVI data used in this research came from Landsat 30 x 30-meter resolution imagery, 
although two U.S.-based studies relied on 250-meter resolution MODIS imagery instead (Casey 
et al., 2016; Cusack et al., 2017). Of the researchers who used NDVI, half selected a single image 
that was captured a) in or around the study period and b) during the “greenest” portion of the 
year for the region in question (Agay-Shay et al., 2014; Dadvand et al., 2012a; Dadvand et al., 
2012b; Dadvand et al., 2014; Grazuleviciene et al., 2015). In three studies, a composite measure 
of NDVI was created using multiple images collected in or around the relevant timeframe 
(Hystad et al., 2014; Laurent et al., 2013; Markevych et al., 2014). Meanwhile, Casey et al. 
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(2016) and Cusack et al. (2017) generated composite images that corresponded to the three 
seasons preceding each infant’s birth. The remaining two studies used greenness metrics other 
than NDVI; Donovan et al. (2011) examined percent tree canopy using classified aerial imagery, 
while Ebisu, Holford & Bell (2016) drew on data from the 2001 National Land Cover Dataset 
(NLCD). All studies considered the average or percent greenness within a certain Euclidean 
distance of the mother’s geocoded home address, with circular buffer sizes ranging from 50 
meters (Dadvand et al., 2014; Laurent et al., 2013) to 1,250 meters (Casey et al., 2016). The 
most popular buffer size, 100 meters, was used in nine of the twelve studies. 
2.3.3 Access to Green Space 
A subset of these studies incorporated a measure of access to public green spaces like 
city parks or forests. The criteria for what constituted a public green space varied from study to 
study, with all of the researchers drawing their data from different local land use classification 
systems. Some researchers limited their analyses to public green spaces with a minimum area 
of 5,000 square meters (Agay-Shay et al., 2014; Dadvand et al., 2014) or one hectare 
(Grazuleviciene et al., 2015). Access to these spaces was usually considered as a binary variable 
indicating the presence or absence of a public green space within a certain Euclidean distance 
of the mother’s home (Agay-Shay et al., 2014; Dadvand et al., 2012a; Dadvand et al., 2014; 
Grazuleviciene et al., 2015); however, distance to the nearest major green space was also 
analyzed as a continuous variable by Donovan et al. (2011), Grazuleviciene et al. (2015), and 
Hystad et al. (2014). Meanwhile, Markevych et al. (2014) quantified access to public green 
space by calculating the percentage of park area within a 500-meter buffer of each participant’s 
address. Dadvand et al. (2012a) hypothesized that having public green spaces like city parks 
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nearby could be conducive to physical activity among pregnant women, while the greenness 
immediately surrounding a woman’s home would be more likely to convey psychological and 
environmental benefits. 
2.3.4 Neighborhood Covariates 
All twelve studies included at least one neighborhood-level covariate in their analyses in 
order to control for contextual factors that might impact birth outcomes. The most popular 
environmental covariate was exposure to air pollution; only Dadvand et al. (2014) did not 
incorporate any measure or approximation of air pollution into their analyses. Particulate 
matter (PM2.5 and/or PM10) and nitrogen dioxide (NO2) were the most common pollutants 
studied (Agay-Shay et al., 2014; Cusack et al., 2017; Dadvand et al., 2012b; Ebisu, Holford & Bell 
2016; Grazuleviciene et al., 2015; Hystad et al., 2014; Laurent et al., 2013; Markevych et al., 
2014), although a subset of researchers also accounted for nitric oxide (Hystad et al., 2014; 
Laurent et al., 2013), black carbon (Hystad et al., 2014), carbon monoxide, and ozone (Laurent 
et al., 2013). Concentrations of the various pollutants were approximated using land-use 
regression models (Cusack et al., 2017; Dadvand et al., 2012b; Hystad et al., 2014; Markevych et 
al., 2014), local monitoring data (Ebisu, Holford & Bell, 2016), or both (Laurent et al., 2013). A 
minority of studies used distance to the nearest major road as a substitute or additional 
measure of traffic-related air pollution (Casey et al., 2016; Dadvand et al., 2012a; Donovan et 
al., 2011; Markevych et al., 2014). Neighborhood socioeconomic status was the second most 
popular area-level covariate; only three studies (Dadvand et al., 2012b; Grazuleviciene et al., 
2015; Markevych et al., 2014) did not control for it in some way. Among additional area-level 
covariates considered were local violent crime rates (Donovan et al., 2011), ambient 
15 
 
temperature during each trimester (Ebisu, Holford & Bell, 2016), neighborhood walkability 
(Casey et al., 2016; Hystad et al., 2014), and exposure to traffic-related noise (Grazuleviciene et 
al., 2015; Hystad et al., 2014; Markevych et al., 2014). 
 2.3.5 Individual Covariates 
A range of different individual-level covariates were incorporated into each study with 
the goal of controlling for behaviors, traits, and circumstances that might impact birth 
outcomes. All of the studies took the infant’s sex and gestational age into account, and most 
also included information on the month, season, or year of birth. Among the typical maternal 
covariates were age, education level, race, ethnicity/nationality, marital status, and parity (i.e. 
the number of times the mother had given birth previously). Behaviors with demonstrated 
negative impacts on birth outcomes like smoking and alcohol use were controlled for in all but 
three studies (Agay-Shay et al., 2014; Donovan et al., 2011; Laurent et al., 2013). A subset of the 
studies in the United States accounted for the mother’s health insurance status (Casey et al., 
2016; Donovan et al., 2011; Laurent et al., 2013) and/or receipt of prenatal care (Cusack et al., 
2017; Donovan et al., 2011; Ebisu, Holford & Bell 2016). Some researchers also included 
measures of the mother’s weight before and/or during pregnancy (Casey et al., 2016; Dadvand 
et al., 2012a; Dadvand et al., 2012a; Dadvand et al., 2014). Finally, two studies incorporated 
variables related to the mother’s psychological state: self-reported levels of stress and 
exhaustion (Grazuleviciene et al., 2015) as well as the experience of stressful events during 
pregnancy (Markevych et al., 2014). 
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2.3.6 Statistical Methods 
All studies employed multivariate linear and/or logistic regression models controlling for 
both individual-level and area-level confounding variables. Some of the researchers used 
mixed-effects models to account for possible random effects at the city (Cusack et al., 2017), 
census block group (Ebisu, Holford & Bell, 2016), and participant levels (Dadvand et al., 2012b; 
Dadvand et al., 2014). In the majority of analyses, greenness was measured in set increments 
instead of as a continuous variable. Six studies (Agay-Shay et al., 2014; Dadvand et al., 2012b; 
Ebisu, Holford & Bell, 2016; Hystad et al., 2014; Laurent et al., 2013; Markevych et al. 2014) 
examined the impact of an interquartile range (IQR) increase in greenness on birth outcomes, 
while other researchers divided their greenness metrics into tertiles (Casey et al., 2016; 
Grazuleviciene et al., 2015) or quartiles (Cusack et al., 2017; Hystad et al., 2014; Laurent et al., 
2013). Hystad et al. (2014) cited the non-linear relationship between greenness and birthweight 
as justification for analyzing greenness incrementally rather than continuously.  
Most of the researchers segmented their analyses based on individual and/or 
neighborhood-level characteristics. Half of the studies were stratified based on maternal 
education level (Cusack et al., 2017; Dadvand et al., 2012a; Dadvand et al., 2012b; Dadvand et 
al., 2014; Hystad et al., 2014; Markevych et al., 2014), while others were segmented by 
maternal race/ethnicity (Cusack et al., 2017; Dadvand et al., 2014; Hystad et al., 2014), 
neighborhood socioeconomic characteristics (Agay-Shay et al., 2014; Cusack et al., 2017; 
Dadvand et al., 2014; Hystad et al., 2014), or degree of urbanicity (Casey et al., 2016; Ebisu, 
Holford & Bell, 2016).  
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2.3.7 Results 
On the whole, these studies demonstrated fairly consistent results in terms of the 
relationship between greenness and pregnancy outcomes related to birthweight. Agay-Shay et 
al. (2014) noted a significant positive relationship between greenness at all buffer levels and 
birthweight as both a continuous and binary variable, with an even stronger effect for women 
living in more deprived neighborhoods. Ebisu, Holford & Bell (2016) arrived at a similar result. 
Conversely, Casey et al. (2016) did not identify a significant association between greenness and 
birthweight, although they did observe a significant inverse relationship between greenness 
and risk of small for gestational age (SGA) among women living in cities. Donovan et al. (2011) 
also found a negative association between greenness and risk of SGA within a 50-meter 
distance of the mother’s home, while Laurent et al. (2013) observed a positive relationship 
between term birthweight and greenness within the same size buffer. In Dadvand et al.’s 
(2012a) Barcelona-based study, greenness was only significantly related to birthweight among 
women with the lowest levels of education; however, the authors of the second Spanish study 
(Dadvand et al., 2012b) identified a positive association between term birthweight and 
greenness for the entire population at all buffer levels, with the strongest association among 
women with low to moderate levels of education. A positive relationship between birthweight 
and greenness was observed for mothers belonging to certain racial groups in Dadvand et al.’s 
(2014) UK-based study, but the authors failed to find a significant link between birthweight and 
proximity to a major green space. Grazuleviciene et al. (2015) found that mothers living in less 
green areas and farther away from public parks were at greater risk of term low birthweight. 
Hystad et al. (2014) also observed a positive relationship between greenness and term 
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birthweight along with a negative association between greenness and risk of SGA. Finally, 
Markevych et al. (2014) found a significant positive relationship between greenness within a 
500-meter distance of the mother’s home and term birthweight, although this relationship was 
no longer significant when greenness was measured as percent park area. Only Cusack et al. 
(2017) failed to identify any consistent association between greenness and birthweight after 
controlling for all individual and neighborhood-level covariates. 
The majority of studies incorporating some measure of gestational age or preterm birth 
did not identify a statistically significant relationship between surrounding greenness and those 
outcomes in their full models (Agay-Shay et al., 2014; Cusack et al., 2017; Dadvand et al., 2012a, 
Dadvand et al., 2012b; Donovan et al., 2011). Casey et al. (2016) found a decreased risk of 
preterm birth associated with greenness in cities only, while Grazuleviciene et al. (2015) 
observed a positive relationship between proximity to public green space and gestational age 
as well as reduced odds of preterm birth.  In Hystad et al.’s (2014) analysis, higher levels of 
greenness within a 100-meter buffer of the mother’s residence were associated with lower 
odds of preterm birth; Laurent et al. (2013) observed a similar relationship. It is possible that, in 
general, residential green space is more consistently protective of birthweight than gestational 
age.  
Of the studies that stratified their analyses by socioeconomic indicators, all but two 
(Cusack et al., 2017; Hystad et al., 2014) found a stronger association between greenness and 
one or more birth outcomes for women of lower socioeconomic status (Agay-Shay et al., 2014; 
Dadvand et al., 2012a; Dadvand et al., 2012b; Dadvand et al., 2014; Markevych et al., 2014). 
Lower mobility (Markevych et al., 2014) and poorer general health (Agay-Shay et al., 2014) 
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were cited as potential explanations for the disproportionate positive impact of residential 
greenness on birth outcomes for women of lower socioeconomic status. 
2.3.8 Limitations 
These studies suffered from a number of limitations. Firstly, the majority relied on NDVI 
values as their primary metric for green space. NDVI can only measure the density of vegetation 
in a given area; it does not provide any information on the variety or quality of local plant life 
(NASA Earth Observatory, n.d.). There is evidence that the quality of public open spaces might 
be more important for the health and wellbeing of nearby residents than the quantity of such 
spaces (Francis et al., 2012). Additionally, in some cases the researchers were unable to control 
for confounding variables like smoking behavior, alcohol use, and/or maternal education (Agay-
Shay, 2014; Donovan et al., 2011; Hystad et al., 2014; Laurent et al., 2013), all of which are 
demonstrably correlated with birth outcomes. None of the studies examined exposure to green 
space anywhere other than a specified distance around the mothers’ residences, meaning that 
the greenness of the subjects’ daily activity spaces was not taken into account. Because it is 
unlikely that most participants spent all of their time at home, the lack of activity space data 
translates to an incomplete picture of their true exposure to green space. Finally, these studies 
provide little in the way of conclusive evidence on the pathways linking greenness to birth 
outcomes. Although many controlled for potential environmental mechanisms like ambient 
temperature, noise exposure, and air pollution, only two sets of researchers considered 
variables related to the mother’s psychological state (Grazuleviciene et al., 2015; Markevych et 
al., 2014), while the mothers’ rates of physical activity during pregnancy and access to social 
capital were not included as covariates in any of the analyses. The absence of data on all of the 
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potential pathways by which greenness might influence birth outcomes makes it difficult to 
validate or disprove Kihal-Talantikite’s (2013) proposed conceptual framework. Nevertheless, 
these twelve studies provide valuable methodological guidance for future research and offer 
compelling evidence of a link between green space and birth outcomes. 
2.4 Blue Space & Health 
 There has been relatively little exploration of the health implications of urban blue 
spaces. Historically, coastal areas have been viewed as sites of healing and recovery (Fox & 
Lloyd, 1938), and people show marked aesthetic preferences for landscapes incorporating blue 
space (White et al., 2010). Landscapes containing blue spaces like inland surface waters are 
often perceived as promoting restoration and recreation (Völker & Kistemann, 2011). A recent 
cross-sectional study in England by Wheeler et al. (2013) found that better self-reported health 
in urban areas was associated with proximity to the coast (measured by distance in kilometers 
to the nearest coastline) after adjusting for a number of potential confounding variables. The 
researchers discovered the strongest positive relationship between coastal proximity and 
reported health for socioeconomically deprived communities. Similarly, another English study 
by White et al. (2013) found a positive relationship between coastal proximity and self-reported 
indicators of mental and physical health, although this study did not control for the impact of 
socioeconomic status. Nutsford et al.’s 2016 study of adults in New Zealand’s capital city 
revealed a significant association between visible blue space and lower levels of reported 
psychological distress, while an additional New Zealand-based study linked access to coastal 
areas with higher rates of physical activity (Garrett et al., 2016). Furthermore, there is some 
evidence that urban blue spaces have a moderating effect on local temperatures during the 
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warmest months of the year (Völker et al., 2013). These same psychological, physiological, and 
environmental pathways have been proposed as mechanisms linking green space to birth 
outcomes (Kihal-Talantikite et al., 2013), so it is possible that they underlie the relationship 
between blue space and birth outcomes as well. 
2.5 This Study’s Contributions 
This thesis offers a number of unique additions to the current body of literature on 
green space and birth outcomes. To my knowledge, it will be the first academic investigation 
into the relationship between urban blue spaces and birth outcomes. It also incorporates a 
novel green space metric in the form of the citywide street tree census, which allows for the 
consideration of fine-grained variations in greenness along city blocks. Finally, this is the only 
study to date to examine residential greenness and birth outcomes within the specific context 
of New York City. New York is the largest city in the United States and one of the world’s 28 
“megacities” populated by more than 10 million inhabitants (UN, 2014). With world-renown 
public green spaces like Central Park and approximately 520 miles of coastline (NYC Mayor's 
Office of Sustainability, n.d.), New York is the ideal location to explore the impact of green 
space and waterfront access on birth outcomes in a hyper-urban, densely populated 
environment. 
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CHAPTER 3 
DATA AND METHODS 
 The following chapter enumerates the individual and area-level variables considered in 
this project and outlines the analytical methods used to explore their relationships. First I 
briefly describe the study area as well as the vital statistics birth records that serve as the 
source of my dependent variables and individual-level covariates. I then detail the processes by 
which the data on green space, waterfront access, and area-level confounding variables were 
collected and refined. Finally, I discuss the spatial and statistical methods employed in my 
analyses. 
3.1 Study Area 
 The study is limited to the five counties—also known as boroughs— that comprise New 
York City: Bronx County, Kings County, New York County, Queens County, and Richmond 
County. As of the year 2000, New York City had a population of over 8 million and averaged 
more than 26 thousand residents per square mile, making it the largest and most densely-
populated city in the United States (New York State Department of Health, n.d.). The city is 
characterized by ethnic and socioeconomic diversity; in 2000, roughly 35.9% of its population 
was foreign-born, compared to 11.1% for the United States as a whole (Lobo & Salvo, 2013). 
Wide inequalities exist between rich and poor; a 2016 report revealed that the top 1% of 
earners in New York County take home, on average, about 116 times as much income as the 
lower 99% (Sommeiller, Price & Wazeter, 2016). These attributes, along with the city’s famous 
public green spaces and hundreds of miles of coastline, make it an ideal site to explore the 
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interactions between public health, socioeconomic status, and access to green and blue spaces 
among a diverse population of urban residents. 
3.2 Birth Outcomes 
The data on birth outcomes for this project originate from vital statistics birth records 
for the year 2000 provided by the New York City Department of Health and Mental Hygiene. 
The original dataset consists of all singleton births to mothers whose home addresses fell within 
New York City limits (n=111,754). This dataset has been used in multiple previous studies of 
birth outcomes in NYC (Grady & McLafferty, 2007; McLafferty et al., 2012). For each birth, the 
dataset contains information on the infant and the mother, including the mother’s census tract 
of residence. Census tracts comprise small portions of larger statistical entities like counties or 
cities. They generally contain anywhere from 1,200 to 8,000 inhabitants, and their physical size 
can vary a great deal depending on local population density (U.S. Census Bureau, n.d.). 
For the purposes of this project, the study population was restricted to records without 
any missing data on birth outcomes or individual-level covariates. All births reportedly 
occurring after fewer than 21 or more than 44 weeks of gestation were also removed from the 
analyses, as these records are likely to represent data entry errors or extreme outliers. 
Furthermore, mothers living in census tracts with a non-institutionalized population of fewer 
than 100 residents were not included in the study, leaving a final population size of n=103,484.  
Three separate birth outcomes were analyzed: term low birthweight, preterm birth, and 
small for gestational age. These variables have all been examined in previous studies of birth 
outcomes and residential greenness, and they are frequently employed as indicators of general 
neonatal health. Term low birthweight was treated as a binary variable, with a value of 0 
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assigned to infants weighing more than 2,500 grams and a value of 1 assigned to infants 
weighing less than 2,500 grams. I elected to limit my analyses of low birthweight to term births 
due to the high degree of correlation between birthweight and gestational age. Preterm birth 
was also evaluated as a binary variable, wherein births occurring prior to 37 weeks of gestation 
were assigned a value of 1 and births occurring after 37 weeks were assigned a value of 0. The 
third binary variable, small for gestational age (SGA), refers to whether or not an infant falls 
into the bottom decile of birthweight stratified by sex and gestational age in weeks. In this 
study, the deciles were computed based on birthweights for the overall study population. SGA 
infants were assigned a value of 1, while infants that did not fall into this category were 
assigned a value of 0. 
3.3 Individual Covariates 
 Individual-level covariates were also derived from vital statistics birth records. A number 
of maternal demographic characteristics that have been demonstrated to affect birth outcomes 
were controlled for in the analyses: race, world region of birth, education, marital status, and 
receipt of Medicaid. Age was analyzed as a continuous variable, race and world region of birth 
were represented by categorical variables, and all other demographic characteristics were 
evaluated as binary variables (i.e. completed high school=1, did not complete high school=0, 
married=1, unmarried=0, Medicaid recipient=1, not a Medicaid recipient=0). Maternal smoking 
and alcohol use, both behaviors known to impact birth outcomes, were also treated as binary 
variables, with instances where the mother did not report any smoking or alcohol use during 
pregnancy assigned a value of 0. Any reported amount of tobacco or alcohol use during 
pregnancy was assigned a value of 1. In analyses of risk of term low birthweight, reported 
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length of gestation (in weeks) was incorporated as a continuous variable; the infant’s sex was 
also included in these analyses and in analyses of risk of preterm birth. The infant’s season of 
birth was controlled for in all statistical tests. All covariates were selected based on 
demonstrated significant relationships to birth outcomes in chi-squared tests or simple logistic 
regression models; these analyses were conducted using the Stata v.14 statistical software 
package. For additional details on neonatal and maternal characteristics, see Tables 1 and 2.  
3.4 Measures of Greenness 
 The Normalized Difference Vegetation Index, or NDVI, served as this study’s primary 
metric for residential greenness. The NDVI data used in this project were obtained from the 
USGS EarthExplorer website. Pre-calculated land surface reflectance NDVI data originating from 
a single Landsat 5 30 x 30-meter resolution satellite image were downloaded. I selected this 
particular image because it contained minimal (<10%) cloud contamination, encompassed the 
whole of the study area, and was captured during the summer (specifically on July 6, 1999), 
which is generally the “greenest” portion of the year in the northern hemisphere. After the 
image was imported into ESRI’s ArcGIS 10.4, pixels representing water were removed using a 
CFMask raster layer also downloaded from the EarthExplorer website in conjunction with 
ArcGIS’s Reclassify and Extract by Mask tools. CFMask is an algorithm designed to identify 
water, snow/ice, cloud, and cloud shadows in aerial imagery (Landsat Missions, n.d.). Figure 1 
illustrates the distribution of NDVI values throughout the city.  
Mean NDVI values were calculated for 100-meter, 250-meter, and 500-meter circular 
buffers around the population-weighted centroid of each mother’s census tract of residence. 
These three buffer sizes were selected to represent varying distances from the mother’s 
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residence, ranging from the space immediately surrounding her home to areas a short walk 
away. All of these buffer sizes have been employed in previous studies establishing a link 
between NDVI and birth outcomes (Dzhambov, Dimitrova & Dimitrakova, 2014). This 
calculation was performed using the Zonal Statistics tool from ArcGIS’s Spatial Analyst 
Supplemental Toolbox. 
 The 2005-2006 New York City Street Tree Census acted as an additional measure of 
residential greenness. Overseen by the New York City Parks Department, this census was 
conducted over the span of two summers by volunteers, who recorded the location, size, 
species, and condition of each tree growing alongside a city street. They identified 592,130 
trees in total (NYC Parks A, n.d.). The data from this census were downloaded from the NYC 
Open Data portal, and the recorded locations of the trees in decimal degrees were used to 
generate a point file in ArcMap. I then conducted a spatial join in order to calculate the number 
of street trees that fell within 100-meter, 250-meter, and 500-meter circular buffers of each 
census tract’s population-weighted centroid. Figures 2 and 3 show examples of how both 
measures of greenness were quantified at the tract level. 
 3.5 Access to Green and Blue Spaces 
 In this study, major green spaces were defined as large, open areas that are “partly or 
completely covered with grass, trees, shrubs, or other vegetation” (United States 
Environmental Protection Agency, n.d.). Data on these spaces came from the MapPLUTO 16v1 
dataset developed by the NYC Department of City Planning (DCP). This dataset contains 
geographic and land use information compiled by a number of local government agencies and 
aggregated at the tax lot level (NYC Department of City Planning A, n.d.). For the purposes of 
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my research, all tax lots designated with the numeric land use code corresponding to “Open 
Space & Outdoor Recreation” were considered green spaces. Green spaces less than 5,000 
square meters in area were excluded from the analyses in keeping with a public open space 
indicator developed by the European Commission (Ludlow & Mitchell, 2003) and employed in 
previous research on green space and birth outcomes (Agay-Shay et al., 2014). Figure 4 shows 
the locations of major green spaces throughout the study area. Comparing Figures 1 and 4 
reveals the strong correspondence between high NDVI values and major green spaces. 
I used ArcGIS’s network analyst extension to measure access to these spaces. A 2016 
city street centerline (CSCL) shapefile also developed by the NYC DCP was downloaded from the 
NYC Open Data portal, imported into ArcMap, and converted into a network dataset. I then ran 
a service area analysis in order to create an 800-meter path distance buffer around each 
population-weighted census tract centroid. Assuming that most streets in a dense, hyper-urban 
area like New York City would feature sidewalks, this buffer is designed to represent a half-mile 
walking distance. The buffer size was selected based on park accessibility goals set forward by 
several major U.S. cities (Harnik & Simms, 2004). The weighted tract centroids whose service 
areas intersected with one or more major green spaces were assigned a value of 1, while all 
other centroids were assigned a value of 0. 
 To analyze maternal exposure to blue spaces, I focused on access to nearby waterfront 
locations. Two 2014 DCP-developed datasets were combined to create a waterfront access 
variable: the NYC Waterfront Parks shapefile and the Publicly Accessible Waterfront Spaces 
(PAWS) shapefile. The NYC Waterfront Parks shapefile contains all city parkland that is not 
separated from the water by one or more upland streets, while the PAWS shapefile 
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encompasses similarly-designated spaces that are accessible to the public but do not fall under 
the city’s jurisdiction (NYC Department of City Planning B, n.d.). As it is unlikely that local 
residents derive health benefits from waterfront areas they are unable to visit, I elected to 
measure access to these spaces rather than access to the NYC coastline as a whole. Waterfront 
spaces that were designated as being under construction or otherwise closed to the public 
were excluded from the study for the same reason. Figure 5 illustrates the distribution of these 
spaces throughout the city. 
Using the service areas I previously calculated in my analysis of access to major green 
spaces, I determined whether or not each weighted census tract centroid fell within an 800-
meter path distance of publicly accessible waterfront. The centroids that met this criterion 
were assigned a value of 1, while those that did not were assigned a value of 0. I used distance 
along the street network to measure both green space and waterfront access in order to better 
represent the functional distance that local residents have to travel to reach these spaces. 
Figures 6 and 7 provide examples of how access to green and blue space was measured. 
3.6 Neighborhood Covariates 
 To control for additional neighborhood characteristics that might influence birth 
outcomes, I incorporated several potentially confounding area-level variables into my analyses. 
Distance to the nearest major road served as a substitute measure of exposure to traffic-
related air and noise pollution. Data on major roads originated from the U.S. Census Bureau’s 
2010 Topologically Integrated Geographic Encoding and Referencing (TIGER) primary and 
secondary roads shapefile for the state of New York. Distance to the nearest tax lot designated 
as “Industrial & Manufacturing” in the MapPLUTO land use dataset was also employed as a 
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surrogate metric for local air pollution. Figure 8 shows the locations of major roads and tax lots 
designated as industrial land use in New York City. 
Straight-line distances to both of these shapefiles from the nearest weighted census 
tract centroid were calculated with ArcGIS’s Near tool. I used these two substitute measures 
rather than official air quality data due to the relatively small number of air quality monitoring 
stations in New York City during the study period. Previous studies have used distance to the 
nearest major road as a substitute for traffic-related air pollution (Casey et al., 2016; Dadvand 
et al., 2012a), while others have incorporated proximity to industrial land use into land use 
regression models specifically designed to approximate concentrations of particulate matter in 
New York City (Ross et al., 2007).  
 Due to its use in multiple prior studies of urban green space and birth outcomes 
(Donovan et al., 2011; Markevych et al., 2014), neighborhood population density measured at 
the census tract level was also employed as a covariate in this study. A 2000 decennial census 
tract shapefile for each of New York City’s five counties was obtained from the U.S. Census 
Bureau’s American FactFinder website. The corresponding population data was downloaded 
from the same site and joined with the tract shapefile in ArcMap. I then calculated the 
population density for each tract by dividing the tract’s population by its area in square 
kilometers. 
 In order to control for neighborhood poverty, I created a tract-level deprivation index 
based on multiple factors. Following previous research, I used eight socioeconomic indicators 
from the 2000 census: percent of female-headed households with children under 18 and no 
husband present, percent of households receiving public assistance income, percent of 
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households whose yearly income was less than $35,000, percent of individuals living below the 
poverty line, percent of individuals over 16 years old who were unemployed, percent of 
employed individuals over 16 years old who worked in management or professional 
occupations, percent of adults over 25 years old with less than a 12th grade education, and 
percent of occupied housing units with more than one occupant per room. These indicators 
were selected based on a standardized neighborhood deprivation index developed by Messer 
et al. (2006); the deprivation index used in their study accounted for 51-73% of the variability in 
birth outcomes across eight urban and suburban areas in the United States.  
I used Stata to perform a principal component analysis (PCA) on the aforementioned set 
of socioeconomic indicators. PCA is a method of data reduction designed to summarize the 
total variance of a set of factors. I extracted the first principal component, the unique linear 
combination explaining the greatest share of the overall variability among the component 
variables (Messer et al., 2006); in my analyses, this component accounted for approximately 
68% of the total variance. The index values ranged from -4.32 to 7.05, with lower values 
corresponding to less deprived tracts and higher values corresponding to more deprived tracts.  
 3.7 Statistical Methods  
Multi-level mixed-effects logistic regression was used to model the associations 
between tract and individual-level variables and birth outcomes. Each birth outcome served as 
the dependent variable in a series of two-level multilevel models. Individual covariates 
comprised the first-level variables, while the second-level variables included measures of 
greenness, access to waterfront and major green spaces, and environmental and 
socioeconomic covariates. The individual-level and tract-level datasets were joined using a field 
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containing each census tract’s unique numeric identifier in conjunction with Stata’s merge 
function, leaving 103,484 individual records nested within 2,132 tracts. The number of 
individual records associated with each tract ranged from 1 to 263 with a mean of 48.5. 
Descriptive statistics were tabulated for all dependent and independent variables. 
I used Stata’s xtmelogit command to conduct multilevel mixed-effects logistic 
regression. I first ran unadjusted models for each birth outcome with the measures of 
greenness—mean NDVI and street tree count—serving as the sole independent variables. Fully-
adjusted models containing the aforementioned first and second-level variables were then run. 
Separate analyses were conducted for each buffer size, and in all models, the census tract 
identifier was employed as a random effect to account for potential neighborhood-level 
variation not captured by any of the tract-level variables. In order to gauge the differential 
effects of greenness on mothers of lower socioeconomic status, analyses were conducted 
separately for women living in deprived tracts. A tract was classified as deprived if its 
neighborhood deprivation index value was above the median. Eighteen fully-adjusted models 
were run in total; their results are described in the following chapter. 
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3.8 Figures 
Figure 1: Distribution of NDVI Values in New York City 
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Figure 2: Measures of Greenness Exposure – Manhattan Example 
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Figure 3: Measures of Greenness Exposure – Staten Island Example 
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Figure 4: Locations of Major Green Spaces 
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Figure 5: Locations of Publicly Accessible Waterfronts 
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Figure 6: Measures of Access to Green and Blue Spaces – Manhattan Example 
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Figure 7: Measures of Access to Green and Blue Spaces – Staten Island Example 
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Figure 8: Locations of Major Roads & Industrial Land Use Tax Lots 
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CHAPTER 4 
RESULTS 
In this chapter, I describe and discuss the results of my analyses. Descriptive statistics 
are provided for individual and neighborhood-level variables. I then outline the findings from 
multiple mixed-effects logistic regression models for each birth outcome. Finally, I review my 
results and compare them to the findings of similar studies. 
4.1 Descriptive Statistics 
4.1.1 Birth Outcomes & Individual Covariates 
The study population is comprised of 103,484 birth records from the year 2000. The 
median gestational age at delivery for neonates in this population was approximately 39 weeks, 
and just over half of the infants were male. Most births occurred in the summer months, 
followed by the fall, spring, and winter. There were 91,963 records of term births, or births that 
occurred after at least 37 weeks of gestation. For 2.91% of these term births, the infant was 
classified as low birthweight (weighing less than 2,500 grams). 11.13% of the births were 
preterm, while 10.15% of neonates were categorized as small for gestational age (SGA), 
meaning that they fell into the bottom decile of birthweight stratified by sex and gestational 
age in weeks (Table 1). Overall, about 20% women in the study population suffered from at 
least one adverse birth outcome, and these women were geographically concentrated; a 
majority lived in census tracts with higher levels of deprivation (above the median level of 
deprivation as measured by the neighborhood deprivation index). 
Within the overall study population, the mothers’ ages ranged from 12 to 56, with a 
median age of 28. This was also the median age for women who gave birth to preterm infants, 
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while mothers who delivered SGA and term low birthweight infants had a median age of 27. 
Roughly three quarters of the mothers completed high school (Table 2), although this 
percentage was lower for women with SGA, preterm, and term low birthweight deliveries. A 
slight majority of the study population was married; however, most women who experienced at 
least one adverse birth outcome were not. Just over half of the overall population received 
Medicaid, with a higher proportion of Medicaid recipients among mothers who experienced an 
adverse birth outcome. In terms of behaviors that could compromise neonatal health, 3.44% of 
the mothers in the overall study population reported tobacco use during pregnancy, while 
0.22% reported alcohol use. For mothers who experienced adverse birth outcomes, these 
percentages were higher. 
Women living in more deprived census tracts tended to be younger than the rest of the 
study population, with a median age of 26, compared to 30 among women living in less-
deprived tracts (Table 2). The median age of women living in deprived tracts who experienced 
at least one adverse birth was also 26. The proportion of mothers living in deprived tracts who 
did not finish high school was higher compared to those living in more advantaged 
neighborhoods, and higher still for those who experienced an adverse birth outcome. Women 
in deprived tracts were also less likely to be married; a majority of this subpopulation was 
unmarried, while less than 30% of mothers who lived in a deprived tract and experienced at 
least one adverse birth outcome were married. Compared to women living in more affluent 
tracts, a larger percentage of women in deprived tracts were Medicaid recipients (Table 2); this 
proportion was only slightly higher for mothers who experienced an adverse birth outcome. 
Just over 4% of women in deprived tracts reported tobacco use during pregnancy, and nearly 
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40% of these mothers suffered from at least one adverse birth outcome. More than half of the 
women who reported alcohol use during pregnancy and lived in deprived tracts experienced an 
adverse birth outcome. 
A majority of the mothers included in the overall study population were White (54.29%). 
Black women made up 32.98% of the study population, followed by East Asian women (6.37%), 
South Asian women (4.33%), and other Asian/Pacific Islander women (1.54%) (Table 2). 
However, the percentages of White and East Asian mothers were lower among women who 
suffered from at least one adverse birth outcome. Among women living in deprived census 
tracts who experienced an adverse birth outcome, the slight majority were Black.  
Most mothers in the study population were not born in the United States or Canada 
(54.94%), with the majority of foreign-born women originating from Latin America or the 
Caribbean. Mothers born outside of the United States and Canada generally experienced lower 
rates of adverse birth outcomes; they comprised 51.38% of women who delivered term low 
birthweight infants, 52.01% of those who delivered preterm infants, and 53.12% of those who 
gave birth to SGA infants. Among women living in deprived tracts, 51.28% of mothers who 
suffered from at least one adverse birth outcome were not born in the United States or Canada.  
4.1.2 Residential Greenness & Neighborhood Covariates 
Deprived tracts were generally less “green” than non-deprived tracts. In deprived tracts, 
the median average NDVI value within a 100-meter buffer was 0.24, while non-deprived tracts 
had a median average NDVI value of 0.29 at the same buffer level (Table 3). For the overall 
study population, this value was 0.26. Deprived tracts also contained fewer street trees than 
non-deprived tracts; the median number of street trees within a 100-meter buffer was 23 for 
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deprived tracts but 36 for non-deprived tracts. Median average NDVI values increased with 
each successive buffer size for deprived and non-deprived tracts alike, meaning that greenness 
tended to increase with distance from a tract’s population-weighted centroid. The street tree 
count increased sharply for each successive buffer size as well.  
Figures 9-12 illustrate the distribution of average NDVI values and street tree counts 
aggregated by census tract for the 100 and 500-meter buffers. These maps show higher levels 
of greenness as measured by average NDVI in Staten Island, the northern portion of the Bronx, 
and eastern Queens. Street trees were less geographically concentrated throughout the city, 
although there was a distinct pattern of higher street tree counts in wealthier neighborhoods 
like Brooklyn Heights and Manhattan’s Upper East and West sides.  
Deprived and non-deprived tracts also differed in terms of neighborhood covariates. On 
average, deprived tracts were closer to both major roads and tax lots designated as industrial 
land use (Table 3). Deprived tracts were also more densely-populated than non-deprived tracts, 
with a median density of about 28,651 residents per square kilometer. The median population 
density in non-deprived tracts was considerably lower at roughly 16,271 inhabitants per square 
kilometer. The median neighborhood deprivation index value was 2.51 for deprived tracts, -
1.13 for non-deprived tracts, and 0.68 overall. Figure 13 illustrates the distribution of 
neighborhood deprivation index values throughout the city. As expected, deprivation levels 
were highest in the Bronx, northern Manhattan, and central Brooklyn, and they were low in 
wealthy neighborhoods in Manhattan, Brooklyn and eastern Queens. 
The overwhelming majority of women in the overall study population were classified as 
living within an 800-meter network distance of a major green space, while just over a quarter of 
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the population lived within the same distance of a publicly accessible waterfront (Table 3). 
Compared to residents of non-deprived tracts, mothers in deprived tracts were more likely to 
have access to both major green spaces and publicly accessible waterfront areas. Though 
surprising on its face, this finding is consistent with previous studies of park accessibility in New 
York City, which revealed that members of marginalized communities often live closer to city 
parks (Miyake et al., 2010; Weiss et al., 2011).  
4.2 Mixed-Effects Logistic Regression 
4.2.1 Term low Birthweight – Study Population 
Within the overall study population, a total of 91,963 infants nested inside 2,131 census 
tracts were born after at least 37 weeks of gestation. A null mixed-effects logistic regression 
model with low birthweight serving as the dependent variable and census tracts acting as the 
random effect revealed that the tract-level random effect was indeed statistically significant for 
all term births. This random effect remained statistically significant when street tree counts and 
mean NDVI values inside 100, 250, and 500-meter buffers were added to the models, with 
separate models constructed at each buffer size. These unadjusted models showed a 
statistically significant (p<0.05) inverse relationship between the 100-meter street tree count 
and low birthweight (Odds Ratio: 0.9965, 95% Confidence Interval: 0.9946-0.9983) (Table 4). 
Mean NDVI had a positive relationship with odds of low birthweight, but the association was 
not statistically significant. The results of unadjusted mixed-effects regression models 
incorporating the same measures of greenness within 250 and 500-meter buffers followed a 
similar pattern. 
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The fully-adjusted models for term low birthweight incorporated variables representing 
the mother’s age, race, region of birth, education, marital status, Medicaid status, tobacco use 
during pregnancy, and alcohol use during pregnancy as well as the infant’s sex, season of birth, 
and gestational age in weeks. Maternal age, marital status, and high school completion were all 
associated with reduced odds of term low birthweight, although the association was not 
significant for maternal age. Receipt of Medicaid, tobacco use during pregnancy, and alcohol 
consumption during pregnancy corresponded to significantly increased risk of term low 
birthweight. Compared to White mothers, women of other races were more likely to deliver 
term low birthweight infants, although this effect was not significant for all racial groups. 
However, a mother being foreign-born was significantly associated with lower odds of term low 
birthweight. Male term-born infants were significantly less likely to be low birthweight than 
female term-born infants, and term-born neonates delivered in the spring and summer had 
significantly lower odds of low birthweight compared to infants born in the winter. Gestational 
age in weeks was also inversely correlated with risk of term low birthweight to a highly 
significant degree. 
All tract-level measures of greenness, access to green and blue spaces, and 
neighborhood covariates were included in fully-adjusted models. Separate models were run for 
each buffer size, with census tracts continuing to serve as the random effect. In the adjusted 
models, here was no statistically significant relationship between term low birthweight and 
measures of residential greenness at any of the buffer sizes. I also did not identify significant 
associations between term low birthweight and access to major green spaces, waterfront 
access, or any of the neighborhood-level covariates. For all fully-adjusted mixed-effects models, 
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the tract-level random effect ceased to be statistically significant, suggesting that a fixed-effects 
linear regression model likely would have been a better fit. 
4.2.2 Term low Birthweight – Deprived Tracts 
The subpopulation of mothers residing in deprived census tracts contained 45,321 term 
births nested inside 737 tracts. For mothers in deprived tracts, term low birthweight had a 
statistically significant positive relationship with 100-meter mean NDVI (OR: 2.2958, 95% CI: 
1.2876-4.0931) but not 100-meter street tree count in unadjusted models; the same pattern 
held true within the 250-meter buffer (Table 4). In unadjusted models incorporating measures 
of greenness within a 500-meter buffer, both mean NDVI (OR: 3.2889, 95% CI: 1.3832-7.8205) 
and street tree count (OR: 0.9997, 95% CI: 0.9995-0.9999) were significantly associated with 
term low birthweight among women living in deprived tracts. However, this association was 
positive for mean NDVI and negative for street tree count. The discrepancy between mean 
NDVI and street tree count is unsurprising, as the two variables were not highly correlated. 
In fully-adjusted models for mothers in deprived tracts (Table 4), maternal age and the 
infant’s season of birth ceased to be significantly associated with risk of term low birthweight. 
As was the case in fully-adjusted models for the overall study population, the variables 
representing greenness, access to major green spaces, waterfront access, and neighborhood 
covariates were not significantly related to odds of term low birthweight at any buffer size, nor 
was the tract-level random effect significant. 
4.2.3 Preterm Birth – Study Population 
The overall study population for models of preterm birth had 103,484 births nested 
within 2,132 tracts. Null mixed-effects logistic regression models were run with risk of preterm 
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birth serving as the dependent variable and census tracts as the random effect. The tract-level 
random effect was found to be statistically significant in null models, and this effect remained 
significant in unadjusted models after mean NDVI and street tree counts were introduced. In 
unadjusted models, the 100-meter street tree count had a significant inverse association with 
risk of preterm birth (OR: 0.9954, 95% CI: 0.9944-0.9965); the same was true for the 250-meter 
and 500-meter street tree counts (Table 5). Mean NDVI also had a negative relationship with 
risk of preterm birth in unadjusted models, but the association was not significant at any buffer 
size.  
The fully-adjusted models of preterm birth for the overall study population included the 
same variables as the models for term low birthweight, with the exception of the infant’s 
gestational age in weeks. Apart from the mother’s Medicaid status, all individual covariates 
were significantly associated with risk of preterm birth. In contrast to the models for term low 
birthweight, maternal age had a positive association with odds of preterm birth. Male neonates 
were also at a significantly higher risk of preterm birth than their female counterparts, and 
infants born in the spring, summer, and fall had significantly greater odds of preterm birth than 
infants born in the winter.  
In the fully-adjusted model incorporating greenness variables within a 100-meter buffer, 
the number of street trees had a significant inverse relationship (OR: 0.9989, 95% CI: 0.9978-
0.9999) with preterm birth; the effect of mean NDVI was only marginally (p<0.1) significant (OR: 
0.8192, 95% CI: 0.6571-1.0213). Mean NDVI was not at all significant at the 250 and 500-meter 
buffer levels, while street tree count retained its significance at all buffer levels. Tract-level 
neighborhood deprivation was significantly correlated with heightened risk of preterm birth for 
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all buffers, while tract population density showed a significant negative association with 
preterm birth at each buffer size. Access to major green spaces and waterfront areas showed 
no significant association with odds of preterm birth, nor did any of the other neighborhood 
covariates. The tract-level random effects for the fully-adjusted models remained significant, 
indicating that these models likely fit the data better than a fixed-effects logistic regression 
model would have. 
4.2.4 Preterm Birth – Deprived Tracts 
Mixed-effects logistic regression models limited to deprived neighborhoods 
incorporated 51,787 birth records nested within 737 tracts (Table 5). In unadjusted models 
restricted to mothers living in these tracts, mean NDVI had a marginally significant positive 
relationship with risk of preterm birth at the 250 (OR: 1.5019, 95% CI: 0.9565-2.3584) and 500 
(OR: 1.6211, 95% CI: 0.9569-2.7465) meter buffer levels. Meanwhile, street tree count 
maintained a significant inverse relationship with risk of preterm birth for all buffer sizes. The 
tract-level random effect also remained significant at all buffer levels in unadjusted models. 
In fully-adjusted models restricted to deprived tracts (Table 5), all individual covariates 
except Medicaid status continued to be significantly associated with odds of preterm birth. For 
the model incorporating greenness variables within 100-meter buffers, street tree count (OR: 
0.9984, 95% CI: 0.9968-1.0001) and mean NDVI (OR: 0.7465, 95% CI: 0.5327-1.04604) were 
both only marginally negatively related to risk of preterm birth. However, in the models for 250 
and 500-meter buffers, street tree count regained its statistical significance, while the effect of 
mean NDVI was not at all significant. Tract-level deprivation was no longer significant in any of 
the restricted models, and population density only retained its significance in the model 
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incorporating measures of greenness within a 100-meter buffer. Surprisingly, the risk of 
preterm birth increased significantly with distance to the nearest major road for mothers 
residing in deprived tracts. As was the case for the overall study population, the tract-level 
random effect remained significant in fully-adjusted models at each buffer level.  
4.2.5 Small for Gestational Age – Study Population 
The study population in analyses of SGA was the same as the overall study population in 
analyses of preterm birth. A null mixed-effects logistic regression model for the overall 
population was run with SGA acting as the dependent variable and census tracts serving as the 
random effect. The tract-level random effect was significant in the null model, and it retained 
its significance in unadjusted models incorporating mean NDVI and street tree counts at all 
buffer sizes. In these models, street tree count had a significant inverse relationship with odds 
of SGA for all buffer levels (Table 6). Mean NDVI showed a positive association with risk of SGA 
in unadjusted models, but this relationship was not significant at any buffer size.  
For SGA, the fully-adjusted models incorporating the entire study population included 
the same individual covariates as the models for preterm birth, with the exception of the 
infant’s sex. Each individual covariate was significantly related to risk of SGA; however, unlike 
the models for preterm birth, maternal age showed a negative relationship with odds of SGA, 
and infants born in the winter were at greater risk of SGA than those born during other 
seasons.  
Neither measure of greenness had a statistically significant relationship with odds of 
SGA at any buffer size. Access to major green spaces, waterfront access, and neighborhood 
covariates were not observed to be significantly associated with SGA either. The tract-level 
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random effects also ceased to be significant for each of the fully-adjusted models, indicating 
that a fixed-effects linear regression model might have suited the data better. 
4.2.6 Small for Gestational Age – Deprived Tracts 
The subpopulation examined in analyses of deprived neighborhoods consisted of 51,787 
birth records nested inside 737 tracts. Among women living in deprived tracts, there was a 
statistically significant positive relationship between mean NDVI and odds of SGA in unadjusted 
models at all buffer levels (Table 6). Meanwhile, street tree count showed a negative 
association with risk of SGA at all buffer sizes, but this effect was only significant within the 500-
meter buffer (OR: 0.9998, 95% CI: 0.9997-0.9999). The tract-level random effect remained 
statistically significant in all unadjusted models of SGA for mothers in deprived tracts. 
The fully-adjusted models restricted to deprived tracts differed quite noticeably from 
the fully-adjusted models for the overall population. In terms of individual covariates, the 
mother’s Medicaid status and the infant’s season of birth were no longer significantly related to 
SGA. While neither measure of greenness was significantly associated with odds of SGA at the 
100-meter buffer level (Table 6), mean NDVI had a statistically significant positive relationship 
with risk of SGA within the 250 (OR: 1.7084, 95% CI: 1.1062-2.6384) and 500-meter buffers (OR: 
2.0172, 95% CI: 1.2149-3.3493) in fully-adjusted models. However, the number of street trees 
was not significantly associated with odds of SGA at any buffer size, nor were any of the other 
tract-level variables. As was the case in fully-adjusted models for the overall study population, 
the census tract-level random effect was not significant.  
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4.3 Summary 
4.3.1 Term low Birthweight & Residential Greenness 
In unadjusted models, the street tree count had a significant inverse association with 
risk of term low birthweight for the overall study population; however, after controlling for 
individual and neighborhood-level confounding variables, the significance of this association 
disappeared. Meanwhile, average NDVI was not significantly related to odds of term low 
birthweight in unadjusted or adjusted models for the overall study population. For women 
living in deprived tracts, mean NDVI had a significant positive relationship with risk of term low 
birthweight in unadjusted models, but this association ceased to be significant when individual 
and neighborhood-level covariates were taken into account.  
These results contradict the findings of prior research on the relationship between term 
low birthweight and residential greenness. To my knowledge, all studies that incorporated risk 
of low birthweight and/or term low birthweight as dependent variables identified a statistically 
significant relationship between measures of residential greenness and these outcomes for at 
least a subset of the population in fully-adjusted models (Agay-Shay et al., 2014; Ebisu, Holford 
& Bell, 2016; Grazuleviciene et al., 2015). The fact that the associations between measures of 
greenness and term low birthweight lost their significance when individual covariates were 
added to the models indicates that individual or neighborhood-level covariates correlated with 
greenness might have a greater impact on risk of term low birthweight than greenness itself. 
Because there was no statistically significant relationship between neighborhood covariates 
and odds of term low birthweight in any of the models, it is also possible that there was a 
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selection effect wherein women at lower risk of delivering a term low birthweight infant tended 
to live in greener, less deprived neighborhoods. 
4.3.2 Preterm Birth & Residential Greenness 
In unadjusted and adjusted models, I found a statistically significant negative 
relationship between the number of street trees at all buffer levels and risk of preterm birth for 
the overall study population. In adjusted models, mean NDVI within the 100-meter buffer also 
had a marginally significant inverse association with risk of preterm birth for both the overall 
study population and women living in deprived tracts; however, this relationship lost its 
significance at larger buffer sizes. These results indicate that localized forms of greenness like 
street trees may have a protective effect against preterm birth. The consistency of results for 
street trees as compared to NDVI suggests that fine-grained, street-level vegetation is more 
beneficial for reducing the likelihood of preterm birth than the raw density of vegetation in a 
given neighborhood. In addition, the similarity of the relationship between street trees and risk 
of preterm birth for both mothers in deprived tracts and mothers in the overall study 
population suggests that nearby street trees could be protective against preterm birth for 
pregnant women regardless of socioeconomic status. 
To my knowledge, no other study has examined the association between street trees 
and adverse birth outcomes of any kind. However, a number of studies have investigated the 
relationship between residential greenness and odds of preterm birth; a significant association 
was identified in three of these studies (Casey et al., 2016; Hystad et al., 2014; Laurent et al., 
2013), with all three using NDVI to quantify local greenness. Donovan et al. (2011) investigated 
the relationship between tree canopy and preterm birth, but they did not find a significant 
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association between the two variables. It is therefore possible that this thesis is the first piece 
of research linking preterm birth to street trees specifically. 
4.3.3 Small for Gestational Age & Residential Greenness 
The results of mixed-effects regression models for SGA offered less support for my 
hypothesis. Street tree count had a significant inverse relationship with odds of SGA in 
unadjusted models for the overall study population; however, the significance of this 
association disappeared in fully- adjusted models for both mothers in deprived tracts and the 
overall population, indicating that individual and neighborhood covariates correlated with 
street trees confound the impact of street trees on SGA. While mean NDVI was not significantly 
related to odds of SGA in fully-adjusted models for the overall population, among women in 
deprived tracts, mean NDVI within 250 and 500-meter buffers had a significant positive 
relationship with risk of SGA.  
This outcome is inconsistent with prior research on the association between residential 
greenness and SGA. Of the previous studies that examined this relationship, three uncovered a 
significant inverse association between greenness and odds of SGA (Casey et al., 2016; Donovan 
et al., 2011; Hystad et al., 2014), and none of the studies identified a significant positive 
relationship between greenness and odds of SGA for any subset of the population. However, a 
Texas-based study by Cusack et al. (2017) identified a positive association between residential 
greenness and a related pregnancy outcome for non-Hispanic Black women living in certain 
cities in Texas. Because Black women made up the majority of U.S.-born women living in 
deprived tracts in the context of this study’s population, it is possible that my analyses of 
residential greenness and SGA for mothers in deprived tracts have captured a phenomenon 
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similar to what these authors observed. Additionally, it might be the case that highly vegetated 
areas in deprived neighborhoods are perceived by residents as unsafe and/or poorly 
maintained. Unsafe, unattractive green spaces in deprived neighborhoods could function as a 
“disamenity” for local pregnant women, causing them to feel distressed and anxious, and 
potentially discouraging them from engaging in outdoor physical activity or social interaction. 
Additional research is necessary to clarify the relationship between expectant mothers’ 
perceptions of local green space and adverse pregnancy outcomes like SGA for women living in 
deprived neighborhoods. 
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4.4 Tables & Figures 
Table 1: Infant Covariates & Birth Outcomes 
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Table 2: Maternal Covariates 
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Table 3: Measures of Greenness & Neighborhood Covariates 
 
 
 
 
 
 
 
 
Neighborhood-Level 
Variable
Study Population 
(n=103,484)
Deprived Tracts 
(n=51,787)
Non-Deprived 
Tracts (n=51,697)
Average NDVI (median)
100m buffer 0.26 0.24 0.29
250m buffer 0.27 0.25 0.3
500m buffer 0.28 0.26 0.3
Street tree count (median)
100m buffer 30 23 36
250m buffer 187 157 224
500m buffer 698 572 845
Distance to industrial land 
use (median)
266.42 209.6 321.14
Distance to nearest major 
road(median)
770.81 731.38 825.66
Neighborhood deprivation 
index (median)
0.68 2.51 -1.13
Population density 
(median)
22,484 28,652 16,270
800m from major green 
space (%)
Yes 84.97 88.42 81.52
No 15.03 11.58 18.48
800m from publicly 
accessible waterfront (%)
Yes 25.44 27.76 23.11
No 74.56 72.24 76.89
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Table 4: Mixed-Effects Logistic Regression Results – Term Low Birthweight 
 
 
 
 
 
 
 
 
100m Buffer 100m Buffer
Street tree count OR 95% CI Street tree count OR 95% CI
Adjusted 1.0002 0.9982 - 1.0021 Adjusted 1.0009 0.9978 - 1.0039
Unadjusted 0.9965* 0.9946 - 0.9983 Unadjusted 0.9988 0.9957 - 1.0018
Mean NDVI Mean NDVI
Adjusted 0.8971 0.5866 - 1.3719 Adjusted 1.0009 0.9978 - 1.0039
Unadjusted 1.1054 0.7761 - 1.5744 Unadjusted 2.2958* 1.2878 - 4.093
250m buffer 250m buffer
Street tree count Street tree count
Adjusted 1 0.9995 - 1.0005 Adjusted 1.0002 0.9995 - 1.0010
Unadjusted 0.9989* 0.9985 - 0.9993 Unadjusted 0.9995 0.9988 - 1.0002
Mean NDVI Mean NDVI
Adjusted 1.0751 0.6331 - 1.8258 Adjusted 1.5767 0.6823 - 3.6437
Unadjusted 1.2547 0.8306 - 1.8956 Unadjusted 3.4033* 1.6151 - 7.1712
500m buffer 500m buffer
Street tree count Street tree count
Adjusted 0.9999 0.9998 - 1.0001 Adjusted 0.9999 0.9997 - 1.0002
Unadjusted 0.9996* 0.9995 - 0.9998 Unadjusted 0.9997* 0.9995 - 0.9999
Mean NDVI Mean NDVI
Adjusted 1.0847 0.6030 - 1.9512 Adjusted 1.4897 0.5607 - 3.9583
Unadjusted 1.2335 0.7842 - 1.9401 Unadjusted 3.2889* 1.3832 - 7.8205
Term births in overall study population (n=91,963) Term births in deprived tracts (n=45,321)
*Denotes significance. Adjusted models control for maternal age, race, region of birth, education, Medicaid status, marital 
status, tobacco use during pregnancy, and alcohol use during pregnancy; infant's gestational age, sex, and season of birth; 
distance to industrial land use; distance to nearest major road; neighborhood deprivation; population density; access to major 
green space; and access to publicly accessible waterfront.
59 
 
Table 5: Mixed-Effects Logistic Regression Results – Preterm Birth 
 
 
 
 
 
 
 
 
100m Buffer 100m Buffer
Street tree count OR 95% CI Street tree count OR 95% CI
Adjusted 0.9989* 0.9978 - 0.9999 Adjusted 0.9984 0.9968 - 1.0001
Unadjusted 0.9954* 0.9944 - 0.9965 Unadjusted 0.997* 0.9951 - 0.9988
Mean NDVI Mean NDVI
Adjusted 0.8192 0.6571 - 1.0213 Adjusted 0.74646 0.5327 - 1.0460
Unadjusted 0.9256 0.7494 - 1.1432 Unadjusted 1.3161 0.9281 - 1.8663
250m buffer 250m buffer
Street tree count Street tree count
Adjusted 0.9998* 0.9995 - 1 Adjusted 0.9996* 0.9992 - 0.9999
Unadjusted 0.9987* 0.9985 - 0.9990 Unadjusted 0.9992* 0.9987 - 0.9996
Mean NDVI Mean NDVI
Adjusted 0.8406 0.6378 - 1.1078 Adjusted 0.7187 0.4580 - 1.1277
Unadjusted 0.934 0.7311 - 1.1932 Unadjusted 1.5019 0.9565 - 2.3584
500m buffer 500m buffer
Street tree count Street tree count
Adjusted 0.9999* 0.9998 - 0.9999 Adjusted 0.9998* 0.9997 - 0.9999
Unadjusted 0.9996* 0.9995 - 0.9996 Unadjusted 0.9997* 0.9996 - 0.9999
Mean NDVI Mean NDVI
Adjusted 0.9109 0.6705 - 1.2373 Adjusted 0.83 0.4887 - 1.4097
Unadjusted 0.9219 0.7060 - 1.2039 Unadjusted 1.6211 0.9569 - 2.7465
Study Population (n=103,484) Deprived Tracts (n=51,787)
*Denoted significance. Adjusted models control for maternal age, race, region of birth, education, Medicaid status, 
marital status, tobacco use during pregnancy, and alcohol use during pregnancy; infant's sex and season of birth; 
distance to industrial land use; distance to nearest major road; neighborhood deprivation; population density; access to 
major green space; and access to publicly accessible waterfront.
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Table 6: Mixed-Effects Logistic Regression Results – SGA 
 
 
 
 
 
 
 
 
 
100m Buffer 100m Buffer
Street tree count OR 95% CI Street tree count OR 95% CI
Adjusted 1.0004 0.9994 - 1.0014 Adjusted 1.0004 0.9988 - 1.0019
Unadjusted 0.9977* 0.9967 - 0.9987 Unadjusted 0.9993 0.9977 - 1.0009
Mean NDVI Mean NDVI
Adjusted 1.0034 0.8043 - 1.2519 Adjusted 1.2182 0.8794 - 1.6877
Unadjusted 1.0294 0.8474 - 1.2504 Unadjusted 1.7742* 1.3031 - 2.4156
250m buffer 250m buffer
Street tree count Street tree count
Adjusted 1.0001 0.9998 - 1.0003 Adjusted 1.0001 0.9997 - 1.0005
Unadjusted 0.9993* 0.9990 - 0.9995 Unadjusted 0.9997 0.9994 - 1.0001
Mean NDVI Mean NDVI
Adjusted 1.1668 0.8854 - 1.5377 Adjusted 1.7084* 1.1062 - 2.6384
Unadjusted 1.119 0.8923 - 1.4031 Unadjusted 2.5941* 1.7452 - 3.8559
500m buffer 500m buffer
Street tree count Street tree count
Adjusted 1 0.9999 - 1.0001 Adjusted 1 0.9998 - 1.0001
Unadjusted 0.9997* 0.9997 - 0.9998 Unadjusted 0.9998* 0.9997 - 0.9999
Mean NDVI Mean NDVI
Adjusted 1.2881 0.9482 - 1.7498 Adjusted 2.0172* 1.2149 - 3.3493
Unadjusted 1.1186 0.8734 - 1.4326 Unadjusted 2.9151* 1.8449 - 4.6059
Study Population (n=103,484) Deprived Tracts (n=51,787)
*Denotes significance. Adjusted models control for maternal age, race, region of birth, education, Medicaid status, 
marital status, tobacco use during pregnancy, and alcohol use during pregnancy; infant's season of birth; distance to 
industrial land use; distance to nearest major road; neighborhood deprivation; population density; access to major 
green space; and access to publicly accessible waterfront.
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Figure 9: Distribution of Tract-Level Mean NDVI Values – 100m Buffer 
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Figure 10: Distribution of Tract-Level Mean NDVI Values – 500m Buffer 
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Figure 11: Distribution of Tract-Level Street Tree Counts – 100m Buffer 
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Figure 12: Distribution of Tract-Level Street Tree Counts – 500m Buffer 
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Figure 13: Distribution of Neighborhood Deprivation Index Values 
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CHAPTER 5 
CONCLUSIONS 
 This study uncovered partial support for an association between residential greenness 
and birth outcomes. The most notable finding was evidence of an inverse relationship between 
local street trees and risk of adverse birth outcomes. This effect appeared in unadjusted models 
for all outcomes, and it persisted after individual and neighborhood-level covariates were taken 
into account in models for preterm birth. These results point to potential health benefits for 
expectant mothers associated with street trees near their homes. In contrast, the associations 
between average NDVI and birth outcomes were mixed and, in some cases, inconsistent with 
those observed in previous studies. For the overall study population, no statistically significant 
relationship was identified between average NDVI and any birth outcome in fully-adjusted 
models. For women in deprived tracts, however, NDVI was significantly correlated with 
increased risk of SGA within certain buffer sizes in fully-adjusted models. 
 Neighborhood deprivation also emerged as an important factor in birth outcomes and 
green exposure. Although the majority of mothers in the study population did not experience 
term low birthweight, preterm birth, or small for gestational age, the rates of these adverse 
birth outcomes were higher among women living in more deprived census tracts. Moreover, 
the deprived tracts also had lower levels of residential greenness at all buffer sizes even though 
they were generally closer to major public green spaces and publicly accessible waterfront 
areas. The comparative lack of greenness in deprived neighborhoods suggests that there is 
indeed a close relationship between socioeconomic and environmental injustice in cities. 
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This study represents an important addition to the growing body of research on green 
space and birth outcomes. No previous investigation of this subject has employed street trees 
as a measure of greenness, making this project methodologically unique. The significant inverse 
association found between street trees and risk of preterm birth highlights the importance of 
urban forestry initiatives, while the lack of greenness identified in deprived neighborhoods calls 
attention to patterns of environmental injustice facing expectant mothers of lower 
socioeconomic status. The remainder of this chapter presents recommendations on how to 
ameliorate these injustices, suggests potential avenues of future research, and describes the 
limitations of this study that prospective researchers should attempt to address. 
5.1 Limitations 
 This study had a few limitations, the first and foremost of which is spatial in nature. 
Because I did not have access to the geocoded home addresses of mothers in the study 
population, I assigned each birth record to the population-weighted centroid of the mother’s 
census tract of residence instead. It is possible that measuring exposure to residential 
greenness at the census tract-level fails to capture meaningful variations in exposure among 
women living in the same tract, particularly at smaller buffer levels. Furthermore, the use of 
census tracts as an aggregation unit introduces a common obstacle in geographic research: the 
Modifiable Areal Unit Problem (MAUP). In spatial analyses, this problem occurs when altering 
the boundaries or scale of the aggregation units also changes the results of the analyses. MAUP 
has been shown to impact the results of landscape analysis using NDVI (Jelinski & Wu, 1996). 
However, census tracts in New York City are relatively small in terms of physical area, meaning 
that greenness and neighborhood attributes are unlikely to vary a great deal within these units. 
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 A second methodological flaw in this study relates to the Uncertain Geographic Context 
Problem (UGCoP). The UGCoP refers to the potential mismatch between the geographic 
context in which a particular phenomenon is studied and the actual geographic and temporal 
context in which the phenomenon occurs (Kwan, 2012). For example, in this study residential 
greenness was measured within 100, 250, and 500-meter distances from the weighted centroid 
of the mother’s census tract of residence; however, it is possible that the true scale at which 
nearby greenness influences birth outcomes is much larger or smaller than this set of distances. 
In addition, the level of greenness in a mother’s daily activity space (i.e. the greenness of the 
space where she works, attends school, runs errands, socializes, or relaxes on the average day) 
might have a greater influence on birth outcomes than the greenness of the area immediately 
surrounding her home. Because I did not have access to data on the daily activity spaces of my 
study population, I had no way of analyzing the relationship between birth outcomes and 
greenness within these two everyday contexts. Still, the home is an important focal point in 
daily life, especially for expectant mothers who experience limited mobility during pregnancy. 
Measuring greenness around the home provides an essential first step in identifying meaningful 
associations between overall green exposure and birth outcomes. 
 There are inherent limitations to the variables that represent exposure to greenness in 
this study. NDVI is a useful metric in terms of capturing the density of vegetation in a given 
area; however, it does not provide any information on the quality or type of vegetation present. 
Previous research has shown that the quality of local green space can be more important than 
quantity when it comes to conveying psychological benefits to nearby residents (Francis et al., 
2012); it is possible that this pattern holds true for birth outcomes as well. While the NYC Street 
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Tree Census provides a more specific and fine-scaled measure of local greenness than NDVI, it 
does not contain any information on local greenery other than street-side trees. Moreover, 
because the street tree census was conducted in 2005-2006 while the vital statistics birth 
records date back to 2000, there is temporal mismatch between the dependent variable and a 
key explanatory variable. It is possible that some of the street trees that existed in 1999-2000 
were cut down prior to the 2005-2006 census, meaning that this study would be unable to 
capture their effect on nearby expectant mothers. However, street trees grow slowly and 
require a permit from the NYC Parks Department to remove (NYC Parks B, n.d.), so the effect of 
temporal mismatch is unlikely to be significant. 
 There are several limitations associated with the other neighborhood-level variables as 
well. The variables representing access to green and blue spaces do not account for the quality 
of these spaces, nor do they control for each mother’s usage of them (or lack thereof). 
Additionally, the definition of access employed in this study is limited and might not reflect 
actual use of or exposure to these spaces among pregnant women. However, it is still possible 
that expectant mothers derive benefits from visible, nearby green and blue spaces even if they 
do not visit these spaces themselves. Finally, temporal mismatch is also a problem with the 
variables representing exposure to air pollution, access to major green spaces, and access to 
publicly accessible waterfront areas, as all of these measures were derived from data at least 
ten years removed from the vital statistics birth records. Fortunately, these environmental 
factors change very slowly over time, so it is unlikely that the mismatch had any meaningful 
impact on this study’s findings.  
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The final weakness of this study is the lack of consideration for the mechanisms by 
which local greenness influences birth outcomes. Of the three pathways linking greenness to 
birth outcomes proposed by Kihal-Talantikite et al. (2013), only one is partially accounted for in 
this study through proxy variables for exposure to air pollution and traffic-related noise. The 
other aspect of the environmental pathway—ambient temperature—was not incorporated into 
my analyses. Due to the limited information contained in vital statistics birth records, I was also 
unable to control for maternal physical activity, social capital, or psychological wellbeing. 
Without data pertaining to these factors, it is impossible to understand precisely how 
residential greenness influences birth outcomes. 
5.2 Policy Implications 
 This study’s findings should serve as a guide for policymakers seeking to improve the 
health and wellbeing of urban residents. First and foremost, the significant association between 
local street trees and reduced risk of preterm birth identified in these analyses highlights the 
importance of urban forestry initiatives. Neonates born prematurely often suffer from a 
number of health complications throughout infancy, putting emotional and financial strain on 
their families (CDC, 2015). There is also evidence that infants born prematurely continue to 
experience cognitive and behavioral difficulties later on in childhood (Peterson et al., 2000), 
which places an additional burden on parents, educators, and counselors. Increasing the 
number of street trees in a neighborhood as well as investing in the maintenance of existing 
trees are simple and inexpensive interventions that could help ameliorate a serious public 
health problem. Furthermore, urban trees have been shown to provide benefits beyond 
reducing the risk of adverse birth outcomes. A study of the costs and benefits of urban trees in 
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five separate US cities revealed that every dollar spent on these trees returned between $1.37 
and $3.09 in terms of environmental and aesthetic improvements (McPherson et al., 2005). 
Urban tree cover has also been linked to increased property values (Donovan & Butry, 2010) 
and even lower local crime rates (Donovan & Prestemon, 2012; Troy, Grove & O’Neil-Dunne, 
2012). Finally, planting and maintaining street trees in economically disadvantaged 
neighborhoods has the potential to reduce environmental injustice in cities. In this study, I 
observed that women living in deprived census tracts generally experienced lower levels of 
exposure to street trees but higher rates of preterm birth. Prioritizing urban forestry initiatives 
in economically disadvantaged areas could help alleviate the burden that adverse birth 
outcomes place on women and families living in these neighborhoods. 
 For the most part, my analyses did not reveal a statistically significant relationship 
between residential greenness as measured by mean NDVI and adverse birth outcomes. 
However, for mothers living in deprived tracts, I identified a significant positive relationship 
between mean NDVI and risk of SGA. As it is unlikely that higher levels of greenness are 
inherently detrimental to birth outcomes for women in this subpopulation, I believe that this 
association may reflect the poor quality and/or perceived dangerousness of green spaces in 
deprived neighborhoods. There is evidence that members of marginalized communities in New 
York City have sufficient “access” to green spaces when “access” is defined as living within a 
reasonable walking distance of a park; however, these same communities are also more likely 
to suffer from higher rates of neighborhood “disamenities” like violent crime, traffic hazards, 
and pollution (Weiss et al., 2011). These disamenities could serve to both degrade the 
perceived safety and/or aesthetic value of local green spaces and discourage residents from 
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leaving their homes in order to visit those spaces. For this reason, policymakers should 
prioritize efforts to make deprived neighborhoods safer and healthier places to live over efforts 
to make them “greener” in terms of sheer vegetation density. 
5.3 Directions for Future Research 
 Based on the results of this study, I have a number of recommendations for future 
research on the relationship between green space and birth outcomes. First and foremost, 
researchers interested in this topic should attempt to elucidate the pathways linking green 
space to birth outcomes. Ideally, data on maternal physical activity, social capital, and 
psychological health would be collected throughout pregnancy via questionnaires and/or 
interviews. Improvements to the availability and accuracy of fine-scale environmental data will 
also provide researchers with better approximations of exposure to noise, air pollution, and 
elevated ambient temperature during gestation. Taking these factors into account will allow 
future studies to paint a more accurate picture of the various ways that green space impacts 
birth outcomes. 
 Researchers investigating this topic in the future should also make an effort measure 
the quality of local green space in addition to quantity. Subjective measures of the quality of 
nearby green spaces could be obtained via interviews with women in the study population, 
wherein researchers gauge their perceptions of the safety, cleanliness, aesthetic value, and 
overall desirability of these spaces. Trained auditors should also be deployed to provide a more 
objective measure of the quality of local green spaces, as at least one prior study has identified 
a link between professionally-assessed park quality and the psychological wellbeing of nearby 
residents (Francis et al., 2012). Incorporating both professional and subjective perceptions of 
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local green spaces into their analyses will enable researchers to distinguish between the impact 
of quality and quantity in terms of the association between residential greenness and birth 
outcomes. 
 In addition to controlling for the quality of residential greenness, future research on this 
topic should incorporate measures of exposure to greenness in expectant mothers’ daily 
activity spaces as well. Data on participants’ daily activity spaces could be collected via travel 
diaries and/or GPS tracking. Using these methods to gather data on the mothers’ patterns of 
movement would also provide researchers with information on the frequency, duration, and 
purpose of participants’ visits to public green spaces; this information could then be 
incorporated into analyses of the relationship between expectant mothers’ usage of these 
spaces and birth outcomes. Furthermore, comparing the association between birth outcomes 
and activity space greenness to the association between the same outcomes and residential 
greenness would allow researchers to gauge the relative health benefits of increasing 
greenness in two distinct contexts. 
 To my knowledge, this study was the first of its kind to incorporate a measure of access 
to “blue space” as a covariate. Subsequent research on the relationship between green space 
and birth outcomes would benefit from the inclusion of additional variables representing 
expectant mothers’ access and exposure to waterfront areas. As per my recommendations for 
future studies of residential greenness, researchers should also attempt to control for the 
perceived quality of waterfront areas as well as their presence or absence in participants’ daily 
activity spaces. 
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Finally, I recommend that additional studies of the relationship between green space 
and birth outcomes be conducted at a variety of urban, suburban, and rural sites all over the 
world. So far research on this topic has been concentrated primarily in urban centers in the 
United States and Europe. It is possible that the relationship between green space and birth 
outcomes differs markedly from what has been observed in these studies in different regions of 
the world. Studying this relationship in a variety of geographic contexts will provide planners 
and policymakers at each location with useful guidance in their efforts to design neighborhoods 
that promote residents’ health and wellbeing. 
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